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Introduction 3,3,5,5-Tetramethylpyrroline TV-oxide (M4PO) is a common spin trap [1] used to detect and identify reactive free radicals. The discovery that a 2-phenyl substituent can stabilize radical adducts of 5,5-dimethyl-l-pyrroline N-oxide (DM PO) [2] suggested the introduction of a 2-phenyl group into M4PO. Spin trapping with 2-phenyl-3,3,5,5-tetramethylpyrroline N-oxide (2-PhM4PO) indi cated that the nitronyl functionality is sterically hindered by the phenyl and the 3,3-dimethyl groups that spin trapping rates of 2-PhM4PO are dramatically decreased as compared to DMPO and M4PO, which limits the wide use of this spin trap.
However, as we prepared the CH3 and the C2H 5 adduct (1 and 3) of 2-PhM4PO and tried to deter mine their stabilities with EPR spectrometry, we were surprised to find that these two adducts ex hibited two different EPR spectra: 1 showed a three-line EPR spectrum the same as normal 2,2,5,5-tetramethylpyrrolidine-l-oxyl stable am in oxyl spin labels, but 3 showed an abnormally large doublet splitting in addition to the triplet splitting due to a 14N-atom. In order to investigate what causes the doublet splitting and how a methylene moiety can make such a difference in the EPR spectrum, a variety of alkyl adducts (1 -12) of 2-PhM4PO have been prepared from 2-PhM4PO and organometallic reagents (see Scheme 1) . R e sults from the EPR and MS studies of these stable aminoxyl radicals are described in this article.
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Scheme 1.
mined on a FISONS/VG QUATTRO MS/MS tri ple quadrupole spectrometer. M4PO was prepared in OM RF Spin Trap Source. O ther chemicals were purchased from Aldrich Chemical Company, Inc.
2-Phenyl-3,3,5,5-tetram eth\lpyrroline N-oxide (2-PhM 4P O )
This compound was synthesized by a Grignard addition of phenylmagnesium bromide to M4PO followed by aqueous quenching and copper(II) acetate/air oxidation in methanol. The procedure was the same as that used for the preparation of 2-substituted DM PO spin traps [3] . Yield: 69%; An appropriate organometallic reagent (RMgX or RLi, 3 mmol) was added to a solution of 2-PhM4PO (50 mg, 0.23 mmol) in dry ether (1 ml) which had been cooled to 0 -5 °C. The solution was stirred overnight at ambient tem perature. A fter being quenched with H 20 (0.5 ml), the usual work-up gave the corresponding hydroxylamine which was oxidized with M n 0 2 (0.5 g) in C H 2C12 for about 2 h. The resulting red residue after filtra tion and evaporation provided the corresponding aminoxyl which was suitable for the EPR study. EPR spectra obtained from samples purified by column chromatography were the same as those before chrom atography Aminoxyls 1 -1 2 are very stable radicals. They do not decompose on a silica gel column. Their EPR signal intensities in H 20 and C6H6 do not decrease during the testing period (ten days).
Results and Discussion

Assignm ent o f the large doublet splitting with EPR spectrom etry
As shown in Figure 1 , aminoxyl 1 has a triplet EPR pattern, but aminoxyl 3 has a triplet of doublets pattern. The doublet splitting in 3 does not come from one of the five hydrogens on the phenyl ring because the deuterated analogue 13 exhibits a same EPR spectrum as 3:
The possibility that the large doublet splitting comes from the R group is eliminated by the fact that r-C4H 9 adduct 12 also shows a large doublet splitting (see Table I ). Consequently, the only re maining possibility are the two y-hydrogens. In order to confirm that the large y-hydrogen split ting constant (y-H hfsc, a Hy) is not an experimen tal artifact, many other aminoxyls (2, 4 -1 1 ) have been prepared. These results indicate that the CD3 a The EPR spectra were determined at ambient tem perature. The parameters are given in Gauss (1 G = 0.1 mT). These are stable aminoxyl radicals and their EPR signal intensities in C6H 6 and in H 20 do not decrease at all in ten days; b the y -H hfsc com es from only one y-H. adduct 2 has the same triplet EPR pattern as 1 and aminoxyls 4-11 all exhibit a large y-H hfsc in C6H 6. It should be noted that the other y-H of these two y-H 's has a very small hfs (<1.0 G) which is not resolved by EPR but can be deter mined with EN D O R (electron nuclear double res onance) [4] .
Sensitivity o f the y-H hfsc to the 2-alkyl group
As organized in Table I , when the 2-alkyl group is CH3 (1) or CD3 (2), the y-H hfsc is not detect able. But if the 2-alkyl group is C2H 5 (3), the y-H hfsc is equal to 4.72 G in C6H 6. If the substitu ent is a long chain alkyl group such as n-C3H 7 (4), n-C4H 9 (5), n-C5H n (6), n-C6H 13 (7) and CH2=CHCH2-(8), the y-H hfsc is a little smaller, and equal to 4.59 G in C6H 6. The increase of the alkyl chain length from C3 to C6 does not change the y-H hfsc's. But the substitution pattern of the alkyl group does significantly influence the value of the y-H hfsc. For example, when the 2-alkyl group is a secondary substituent, such as sec-C4H 9 and cyclo-C6H n , the y-H hfsc decreases substan tially to 2.0 G. The tertiary alkyl group such as tert-C4H 9 results in an intermediate y-H hfsc (3.47G).
The variation of the y-H hfsc is probably de rived from the non-planarity of the pyrrolidine ring conformation which is directly related to the structure of the 2-alkyl group. Examination of structural models of aminoxyls 1 -1 2 indicates that the CH3 and CD3 group in 1 and 2 can have free rotation, but the CH3CH2 group in 3 can not ro tate freely, but is ''locked" in one position. Intra molecular repelling effects of these big substitu ents induces a large twist of the pyrrolidine ring [5] :
One of the two y-H atoms is oriented in a posi tion providing the best W-plan arrangem ent of bonds for a strong interaction with the electron spin on the N -O moiety. The extent of twist and the ring conformation is strongly related to the size and the substitution pattern of the 2-alkyl group. The presence of an asymmetric factor such as a chiral center is not the main reason why the pyrrolidine ring is strongly twisted because amin oxyls 1 and 2 have a chiral carbon but large y-H hfsc's are not detected.
The EPR spectra of these aminoxyls in H zO were also determ ined for three reasons: (1) amin oxyl spin labels are widely used to probe biomolecular structures in aqueous media; (2) sta bilities of aminoxyl spin adducts such as DM PO spin adducts are strongly solvent-dependent and are usually less stable in H 20 ; (3) EPR hfsc's also vary in different solvents. As presented in Table II , both aN and aHy are increased in H 20 as com pared to those in C6H 6. These aminoxyl radi cals are also stable in H 20 . The EPR signal inten sities using aqueous solutions were followed for ten days and no decay were found. It is likely that these aminoxyl radicals may have a similar sta bility to the widely-used aminoxyl spin labels such as 2,2,5,5-tetramethylpyrrolidine-l-oxyl (14) and 2,2,6,6-tetramethylpiperidine-l-oxyl (15) because these spin adducts have no ß-H and other decomposition-inducing factors in these molecules [6] , Mass spectroscopy and possible fragmentation mechanisms o f am inoxyls 1, 5, 9 and 11
The large y-H hfsc from aminoxyls 3 -1 2 is unique for the family of stable aminoxyl spin labels. Although the chemistry involved in the generation of 1 -1 2 (see Scheme 1) is well estab lished, great care should be taken to ensure that the uncommonly large y -H hfs (hyperfine split ting) comes from the correct molecules. Therefore, four aminoxyls 1, 5, 9 and 11 were selected and purified by column chromatography eluted with CH2C12 (R{. 0.32, 0.63, 0.60 and 0.42 for 1, 5, 9 and 11, respectively). The m /z data from E l ionization m ethod are presented in Table III . Molecular ions from these aminoxyls were all detected. The m /z ratio for the base peak (relative intensity % = 100) is 136 for the CH 3 adduct (1), 218 for the n-and sec-C4H 9 adduct (5 and 9) and 217 for the C6H 5C H 2 adduct (11). A possible ring-opening fragmentation pathway is proposed in Scheme 2 for 1. which explains several main fragments. U n fortunately the m /z -136 ion cannot be explained at this time: rearrangem ent [7] , produces the base fragment m /z = 218 for 5 and 9. The main difference be tween 5 and 9 is that the sec-C4H 9 group is much easier to lose than the /7-C4H 9 group because the sec-C4H 9-radical is more stable due to di-substitution. In the case of 11, the C6H5CH2 group cleav age is even much easy giving the base fragment at m /z -217 as proposed in Scheme 5. The C6H 5CH2' radical is relatively more stable than sec-C4H 9\ n-C4H 9' and CHv radicals due to conjugation of the unpaired electron with the benzene ring. 
Summary
Twelve 2-alkyl-2-phenyl-3,3,5,5-tetramethylpyrrolidine-l-oxyl stable aminoxyl radicals have been prepared where the alkyl group is CH3, CD 3, C2H 5 n-C3H 7, CH 2=CHCH2, n-C4H 9, sec-C4H 9, r-C4H 9, /i-C5H n , «-C6H 13, c-C6H n , and C6H 5C H 2. A bnor mally large y -H hfsc's (> 2 .0 G) have been discov ered when the alkyl group is bigger than CH3 or C D 3 . The value of y-H hfsc's is sensitive to the substitution pattern of the alkyl group: 4.59-4.72 G for primary, 2.0 G for secondary, and 3.47 G for tertiary in C6H 6. Mass spectroscopic results indi cate that one-carbon alkyl adducts fragment mainly by ring-opening, primary and more than one-carbon alkyl adducts fragment mainly through the McLafferty rearrangem ent pathway, secondary alkyl adducts fragment mainly both by McLafferty rearrangem ent and by substituent-cleavage routes, and the tertiary alkyl, allyl and benzyl adducts fragment mainly through a substituent-cleavage process. It is desirable to expect that the properties of the high sensitivity of the y-H hfsc and the sta bility of these aminoxyl radicals can be used to probe molecular structures in future studies. 
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